Remote ischemic preconditioning (RIPC), the phenomenon whereby brief ischemic episodes in distant tissues or organs render the heart resistant to infarction, has been exhaustively demonstrated in preclinical models. Moreover, emerging evidence suggests that exosomes play a requisite role in conveying the cardioprotective signal from remote tissue to the myocardium. However, in cohorts displaying clinically common comorbidities-in particular, type-2 diabetes-the infarct-sparing effect of RIPC may be confounded for as-yet unknown reasons. To investigate this issue, we used an integrated in vivo and in vitro approach to establish whether: (1) the efficacy of RIPC is maintained in the Zucker fatty rat model of type-2 diabetes, (2) the humoral transfer of cardioprotective triggers initiated by RIPC are transported via exosomes, and (3) diabetes is associated with alterations in exosome-mediated communication. We report that a standard RIPC stimulus (four 5-min episodes of hindlimb ischemia) reduced infarct size in normoglycemic Zucker lean rats, but failed to confer protection in diabetic Zucker fatty animals. Moreover, we provide novel evidence, via transfer of serum and serum fractions obtained following RIPC and applied to HL-1 cardiomyocytes subjected to hypoxia-reoxygenation, that diabetes was accompanied by impaired humoral communication of cardioprotective signals. Specifically, our data revealed that serum and exosome-rich serum fractions collected from normoglycemic rats attenuated hypoxia-reoxygenation-induced HL-1 cell death, while, in contrast, exosome-rich samples from Zucker fatty rats did not evoke protection in the HL-1 cell model. Finally, and unexpectedly, we found that exosome-depleted serum from Zucker fatty rats was cytotoxic and exacerbated hypoxia-reoxygenation-induced cardiomyocyte death.
Introduction
Remote ischemic preconditioning (RIPC) is the phenomenon whereby brief episodes of ischemia in a distant tissue or organ render the heart resistant to infarction [36, 68, 84] . Infarct size reduction with RIPC has been extensively documented in preclinical models, and is under clinical investigation as a cardioprotective strategy in patients undergoing cardiac surgery or percutaneous coronary intervention [23, 24, 35, 36, 72] . Moreover, progress has been made in elucidating the mechanistic hallmark of RIPC; i.e., the manner by which the cardioprotective signal is conveyed from the site of the RIPC stimulus (typically, one or more limbs) to the heart. While both humoral and neuronal communication have been implicated to play a role [36, 66] , recent evidence suggests that exosomes (or, Presented in part at the 2017 Scientific Sessions of the American Heart Association, Anaheim, CA, USA, November 2017.
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Protocol 1: effect of type-2 diabetes on in vivo cardioprotection with remote ischemic preconditioning
The objective of Protocol 1 was to test the hypothesis that cardioprotection from remote ischemic preconditioning (RIPC) is attenuated or abolished in type-2 diabetes. This concept was investigated using male Zucker fatty rats (ZDF-Lepr fa /Crl, 10-12 weeks of age: n = 15), together with age-matched Zucker lean rats (n = 13) as the normoglycemic control cohort, and followed the recommended guidelines for preclinical studies of myocardial ischemia and infarction [54] . Our rationale for enrolling animals within this age range was to investigate the efficacy of RIPC in a model of early-stage diabetes and metabolic syndrome, characterized by modest and physiologically relevant (rather than extreme supra-physiologic [67] ) elevations in blood glucose concentrations.
Surgical preparation
Rats were anesthetized with pentobarbital sodium (40 mg/ kg intraperitoneal), supplemented as required throughout the protocol to maintain a deep surgical plane of anesthesia. Body temperature was maintained at 37 °C and the ECG was monitored throughout the protocol. A tracheostomy was performed and the rats were ventilated with room air. In addition, the left and right femoral arteries were isolated, and the left or right femoral vein was cannulated. The basal region of the heart was exposed via an intercostal thoracotomy and the left coronary artery was ensnared with 5-0 polypropylene suture by taking an intramyocardial stitch at the distal edge of the left atrial appendage. Additional silk sutures were tied to each arm of the polypropylene suture to facilitate release of the occlusion knot [39, 53, 83] .
Study design
Within each cohort, and after surgical preparation was completed, animals were randomly allocated to receive either RIPC or a time-matched control period. For rats in the RIPC groups, four 5-min cycles of bilateral femoral artery occlusion, interspersed with 5 min of reperfusion, were administered (Fig. 1a) . After the intervention period, all rats underwent 45 min of coronary artery occlusion, induced by tying a knot in the polypropylene suture. Myocardial ischemia was verified by tissue pallor, changes in the ECG tracing and arrhythmia. Reperfusion was initiated by pulling on the release sutures and verified by the return of tissue blush. At 2 h after relief of ischemia, rats were euthanized under deep pentobarbital anesthesia by intracardiac injection of KCl.
Endpoints
Primary endpoints in Protocol 1 were non-fasting blood glucose concentration, area at risk and infarct size. Blood glucose levels were measured immediately prior to the onset of myocardial ischemia using an Accu-Chek© monitor and test strips (F. Hoffmann-La Roche AG). Area at risk was delineated at the end of reperfusion by re-ligation of the coronary artery at the site of previous occlusion and injection of Unisperse Blue pigment (0.5 mL IV) [7, 77] . The hearts were then excised, sectioned transversely and photographed for later analysis. Immediately thereafter, the heart slices were incubated in 2,3,5-triphenyltetrazolium chloride (TTC) for 15 min at 37 °C to differentiate necrotic from viable myocardium and rephotographed [21, 71] . For each heart, area at risk and area of necrosis were quantified by planimetry (SigmaScan Pro SPSS Inc., Chicago, IL) and corrected for tissue weight. All analyses were performed in a blinded manner, without knowledge of the treatment group. Area at risk is reported as a percentage of the left ventricle and infarct size is reported as a percentage of the area at risk.
Protocol 2: role of exosomes in remote preconditioning
Our objective in Protocol 2 was to investigate the hypothesis that exosomes act as a circulating, humoral carrier of protective signaling in RIPC. For initial concept development, and to prepare for testing the hypothesis in the diabetic model (Protocol 3), blood was first collected from adult, normoglycemic Sprague-Dawley rats. After processing (described below), serum and serum fractions were applied to cultured HL-1 cardiomyocytes and evaluated for their ability to confer protection against hypoxia-reoxygenation-induced cell death (Protocol 2A). In addition, to document the efficacy of exosome isolation, serum fractions were probed by immunoblotting for the presence versus absence of two classic exosome markers, HSP-60 and flotillin-1 [17, 25, 29] (Protocol 2B). Of note, our protocol differs from previous studies [14, 79] , in that we investigated the transfer of serum and serum fractions, rather than plasma fractions. Using this approach, exosomes and products released from activated platelets are included in a standardized manner. Accordingly, this choice avoids the confounding effect of inadvertent platelet activation during sample collection (and, thus, variability among samples in the presence of platelet-derived products), and encompasses the reported potential involvement of platelets in the favorable effects of RIPC [55, 61] .
Serum collection
Sprague-Dawley rats (total n = 14) were anesthetized with pentobarbital sodium and underwent four 5-min episodes of bilateral femoral artery occlusion as described in Protocol 1. Immediately following the RIPC stimulus, ~ 8 mL of blood was rapidly collected via cardiac puncture, allowed to coagulate, and serum obtained by centrifugation at 2000×g (Fig. 1b) .
Preparation of exosome-rich and exosome-depleted fractions
Exosome-rich and exosome-depleted serum fractions were isolated from the serum using two ultracentrifugation-based methods. In initial experiments (n = 6), we applied a standard protocol for isolation of exosomes from buffers and biologic fluids [25, 76] : serum obtained following RIPC was first purified by low-speed centrifugation at 20,000×g for 45 min and filtered through a 0.2 µm membrane to remove large particles and debris. A 2 mL aliquot of purified serum was then centrifuged at 100,000×g for 2 h [76] , with the goal of producing an exosome-rich pellet and exosome-depleted supernatant. However, immunoblot analysis revealed that this standard protocol was sub-optimal (i.e., the supernatant continued to display the presence of exosome markers: data not shown), presumably due to the viscosity of the serum [60] . Accordingly, we developed a modified, enhanced ultracentrifugation exosome isolation protocol, based on Svedberg kinetics (the forces involved with sedimentation), in which ultracentrifugation was applied at an increased radial force of 300,000×g at 4 °C for a prolonged period of 12 h. This resulted in fractionation of serum into a pellet and a biphasic supernatant (Fig. 1d) , and was utilized for all subsequent experiments. All ultracentrifugation was performed using a fixed angle rotor, S110AT-0019 (Hitachi Koki Co., Takeda, Hitachiaka City).
Protocol 2A

HL-1 cardiomyocyte culture model
Under control conditions, HL-1 cardiomyocytes were maintained at 37 °C in 5% CO 2 and 95% room air with 95% humidity in Claycomb medium supplemented with penicillin (100 U/mL) and streptomycin (100 µg/mL), l-glutamine (2 mM) norepinephrine (0.1 mM) and fetal bovine serum (FBS, 10%), as previously described [13, 18] 5 Na-lactate, adjusted to pH 6.6) and sealing the culture dishes in a hermetic chamber with GasPak EZ Gas Generating Sachets (GasPakTM EZ, BD Biosciences, San Jose, CA, USA) for 2.5 h. Cells were reoxygenated for 20 h by removing culture dishes from the hypoxia chamber and replacing the hypoxia buffer with FBS-free Claycomb media [18] .
Study design
Five independent experiments were conducted, each using blood collected from one rat following RIPC. For each experiment, HL-1 cells were treated with either serum (concentration of 4% serum/medium by volume; approximately 0.2 mL), serum fractions obtained by enhanced ultracentrifugation (pellet, supernatant-bottom or supernatant-top; see below), or a matched volume of Krebs-Henseleit (KH) buffer. Pellets were resuspended in cold KH buffer (SigmaAldrich, Inc., St Louis, MO, USA) at a volume equivalent to the initial volume of purified serum (approximately 2 mL). Supernatants were not diluted, and were applied at a concentration of 4% sample/medium by volume. All treatments were administered at 1 h before the onset of hypoxia, and maintained during hypoxia.
Endpoint
Cell death, was quantified by the Trypan Blue exclusion assay after 20 h of reoxygenation. Briefly, cells were collected from culture dishes, resuspended in Claycomb medium (2-3 million cells per mL) and stained with 0.4% Trypan Blue dye (1:1 ratio of cell suspension:dye) to distinguish viable from dead cells (i.e., cells devoid of blue dye and cells that were stained blue, respectively) [18] .
Cells were manually counted (minimum of 250 cells per replicate) and percent cell death was calculated as: cell death (%) = (dead cells/(dead cells + live cells)) × 100.
Protocol 2B
In samples obtained from the remaining three rats, serum fractions obtained by enhanced ultracentrifugation (pellet, supernatant-bottom and supernatant-top) were probed for the presence of the exosome markers HSP-60 and flotillin-1 [17, 29] using standard methods [18] . Briefly, samples were prepared with lysis buffer (8 M urea, 5 mM dithiothreitol, 2% SDS and 25 mM Tris Cl, pH 8) and Laemmli buffer and resolved on 4-15% gradient gels. Samples were loaded onto gels in equal volumes (15-50 μg protein/ lane). After electrophoresis, proteins were transferred to nitrocellulose membranes, blocked with 5% non-fat milk, and incubated overnight with primary antibodies (Cell Signaling Technology, Boston, MA; 1:1000 in 5% non-fat milk) at 4 °C. Membranes were labeled with horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell Signaling Technology, Boston MA; 1:10,000 in 5% nonfat milk) for 1 h at room temperature and immunoreactive bands were visualized after incubation with horseradish peroxidase HRP-substrate (SuperSignal West Pico, ThermoFisher Scientific, Waltham, MA).
Protocol 3: efficacy of humoral communication in type-2 diabetes
In Protocol 3, our objective was to use the in vitro approach, established in Protocol 2, to test the hypothesis that the loss in efficacy of RIPC in type-2 diabetes is associated with a defect in the humoral component of remote preconditioning.
Briefly, Zucker lean and Zucker fatty rats underwent the standard RIPC stimulus (four 5-min episodes of hindlimb ischemia). Serum was collected, and serum or serum fractions (supernatant-bottom and supernatant-top; separated using the enhanced exosome isolation technique) from Zucker lean rats (n = 6: Protocol 3A) and Zucker fatty rats (n = 6; Protocol 3B) were used as treatments for hypoxiareoxygenation in HL-1 cells, as described in Protocol 2. Based on the outcome of Protocol 2, analysis in Protocols 3A and 3B focused on the supernatant-bottom and supernatant-top fractions; the pellet was not assessed. In separate experiments (Protocol 3C), the effect of the supernatant-top fraction obtained from Zucker lean and Zucker fatty cohorts on HL-1 cell viability was evaluated under normoxic conditions. The primary endpoint was cell death as measured by Trypan Blue viability staining, described in Protocol 2.
Protocol 4: qualitative particle characterization and exploratory proteomics
Our aim in Protocols 4A and 4B was to obtain preliminary, qualitative insight into the contents of the fractions isolated from serum using the methods employed in Protocols 2 and 3.
Protocol 4A
In Protocol 4A, nanoparticle tracking analysis [19] was used to characterize the particle population. Samples from Sprague-Dawley, Zucker lean and Zucker fatty rats, obtained following the standard RIPC stimulus or in time-matched sham-controls (n = 1-3 per cohort; Fig. 1c, d ), were analyzed by System Biosciences, Inc. (Palo Alto, CA) using a NanoSight LM10 (NanoSight, Amesbury, UK). Samples from each rat were analyzed in triplicate. Given our focus on exosomes, analysis was limited to particles within the relevant size range (1-200 nm). Particle diameter measurements were tabulated in 1-nm increments and, for each size increment, the particle concentration (number/mL) was quantified.
Protocol 4B
In Protocol 4B, supernatant-bottom and supernatant-top serum fractions from Sprague-Dawley, Zucker lean and Zucker fatty rats, obtained following an RIPC stimulus or from sham-controls (n = 1-3 per cohort; Fig. 1c, d ), were analyzed by mass spectrometry (MS) as described previously [51] . Supernatant-bottom samples were depleted of high abundance plasma proteins using the Pierce Albumin/IgG Removal Kit (ThermoFisher Scientific, Waltham, MA) per the manufacturer's protocol and separated by SDS-PAGE. The gels were stained with GelCode Blue stain reagent (ThermoFisher Scientific, Waltham, MA). Eight gel slices were excised from each lane, washed with 50 mM ammonium bicarbonate, reduced in 10 mM DTT and alkylated with 55 mM iodoacetamide. Proteins were digested overnight at 37 °C with sequencing grade modified trypsin (Promega, Madison, WI). The supernatant-top samples had low protein concentration and were precipitated with cold acetone. Protein pellets were washed, resuspended in 50 mM ammonium bicarbonate, reduced and alkylated before digested with trypsin overnight. The tryptic peptides were separated with reversed-phase chromatography through a C18 column using the Dionex Ultimate™ HPLC system. MS and MS/MS spectra were acquired on an Applied Biosystems QSTAR XL mass analyzer using information dependent acquisition mode. Mascot 2.4.0 (Matrix Science, Inc., Boston, MA) was used to search the National Center for Biotechnology Information non-redundant database for Rattus proteins with carbamidomethyl (C) used as a fixed modification and oxidation (M), N-acetylation (protein N terminus) as variable modifications. The output files were further analyzed and visualized in Scaffold software (Proteome Software, Inc., Portland, OR). For each protein identified, its abundance was estimated by reporting the total spectral count [31] .
Statistical analysis
For Protocols 
Results
Protocol 1: effect of type-2 diabetes on cardioprotection with remote ischemic preconditioning
Infarct size
Area at risk did not differ among groups, averaging 18-23% of the total LV weight [p = 0.32 (ns) by ANOVA; data not shown].
In control cohorts, infarct size, expressed as a percentage of the risk region, was comparable in both strains, averaging 63 ± 6% in the Zucker lean group and 65 ± 4% Zucker fatty rats. As expected, in the Zucker lean cohort, remote ischemic preconditioning was cardioprotective: infarct size was significantly smaller in the RIPC-Lean group versus the Lean-Controls (10 ± 3 versus 63 ± 6%, p < 0.01; Fig. 2a, b) . In contrast, RIPC was ineffective in the diabetic strain, with no difference in infarct size between the Fatty-RIPC and the Fatty-Control groups (60 ± 9 versus 65 ± 4%, Fig. 2a, b) .
Hyperglycemia and cardioprotection
As expected, Zucker fatty rats (including all animals from both Control and RIPC groups) were characterized by a moderate but significant increase in non-fasting blood glucose values when compared with the Zucker lean rats (278 ± 15 versus 150 ± 12 mg/dL, p < 0.01, Fig. 2c ). To address the concept raised in some previous studies that hyperglycemia per se may attenuate the efficacy of conditioning-induced cardioprotection [42, 46, 87, 88] , infarct size was plotted as a function of blood glucose concentration for all animals (both Zucker fatty and Zucker lean) treated with RIPC. Regression analysis did not support this premise: i.e., there was no association between blood glucose concentration and infarct size (Fig. 2d) . In addition, multiple linear regression analysis, including blood glucose levels, risk region and rat strain as covariates, identified strain as the only significant determinant of the extent of necrosis (R 2 = 0.63; p values of 0.67, 0.96 and 0.004, respectively).
Protocol 2: role of exosomes in remote preconditioning
Serum obtained from Sprague-Dawley rats following RIPC and transferred to HL-1 cardiomyocytes rendered the cells resistant to hypoxia-reoxygenation-induced death. Specifically, cell death was 31 ± 2 versus 45 ± 1% in cells treated with RIPC serum versus KH buffer (p < 0.05; Fig. 3 ).
Enhanced ultracentrifugation (300,000×g for 12 h) separated the serum into three fractions: a pellet characterized by the expression of the classic exosome markers HSP-60 and flotillin-1, a bottom phase of the supernatant (directly adjacent to the pellet) in which robust expression of HSP-60 and flotillin-1 was also manifest, and a top phase of the supernatant that was devoid of exosome markers (Fig. 3) . Both the exosome-depleted supernatant-top fraction-and, interestingly, the exosome-rich pellet-failed to attenuate HL-1 cell death following hypoxia-reoxygenation. Rather, only the supernatant-bottom fraction conferred protection: HL-1 cell death averaged 29 ± 2%* in cells treated with supernatant-bottom versus 45 ± 1, 51 ± 4 and 52 ± 10% in cells treated with KH buffer, pellet and supernatant-top, respectively (*p < 0.05 versus buffer; Fig. 3 ). 
Protocol 3: efficacy of humoral communication in type-2 diabetes
Results obtained with serum and serum fractions collected from Zucker lean rats following RIPC were consistent with (albeit smaller in magnitude than) the findings from Sprague-Dawley rats. Treatment of HL-1 cells with either unfractionated serum, or the supernatant-bottom fraction, attenuated hypoxia-reoxygenation-induced cell death (38-39 versus 48 ± 6% in buffer-treated cells p < 0.05), while the supernatant-top fraction did not confer protection (Fig. 4a) .
In contrast, serum obtained from Zucker fatty rats had no effect on HL-1 cell fate following hypoxia-reoxygenation, while treatment with the supernatant-bottom fraction displayed a weak trend toward improved cell viability that did not approach statistical significance versus buffer (q = 2.8 and p > 0.10 by ANOVA: Fig. 4b) . Moreover, and contrary to the observations made with samples from the other rat strains, treatment with the supernatant-top fraction exacerbated HL-1 cell death following hypoxia-reoxygenation: cell death was 73 ± 7 versus 53 ± 4% in cells treated with KH buffer (p < 0.05; Fig. 4b) . Administration of the supernatant-top fraction from Zucker fatty rats (or from Zucker lean rats) did not, however, evoke significant cytotoxicity when applied to normoxic cells (data not shown).
Protocol 4: qualitative particle characterization and exploratory proteomics
Nanoparticle tracking analysis
Although prolonged ultracentrifugation may have resulted in the disruption of a proportion of the particles in our samples, nanoparticle tracking analysis revealed that intact nanoparticles within the size range of exosomes (≤ 200 nm) were present in the pellet (data not shown) and supernatant-bottom fractions obtained from all rat strains (Fig. 5 ). In addition, and despite being devoid of exosome markers, nanoparticles within the size range of exosomes were also present in the supernatant-top fractions (Fig. 5) .
For Sprague-Dawley rats, RIPC was associated with an apparent increase in nanoparticle concentration in both Fig. 2 a Protocol 1: infarct size, expressed as a % of the myocardium at risk (mean ± SEM), for Zucker lean and Zucker fatty rats randomized to receive remote ischemic preconditioning (RIPC) or a timematched control period. **p < 0.01 versus the Zucker lean control group, b Protocol 1: images of heart slices obtained from one control and one RIPC-treated rat from the Zucker lean and Zucker fatty cohorts. Heart slices were incubated in triphenyltetrazolium chloride; using this method, viable myocardium stains red while areas of necrosis remain unstained, and thus appear pale, c Protocol 1: nonfasting blood glucose concentration (mg/dL; mean ± SEM) for Zucker lean and Zucker fatty rats. **p < 0.01 versus Zucker lean rats, d Protocol 1: infarct size (expressed as a % of the myocardium) plotted as a function of non-fasting blood glucose concentration (mg/dL) for Zucker lean and Zucker fatty rats that underwent RIPC supernatant fractions when compared with sham-controls (Fig. 5a ). This was not, however, a consistent observation among the three rat strains. Rather, samples obtained from sham-control Zucker lean and Zucker fatty rats displayed higher concentrations of nanoparticles versus sham-control Sprague-Dawley rats (Fig. 5 , left panels)-a difference that was particularly striking in the Zucker fatty cohort. In addition, in contrast to data obtained in Sprague-Dawley rats, no consistent increases in nanoparticle concentration were seen in either Zucker cohort following RIPC (Fig. 5b, c) .
Exploratory proteomics
For Sprague-Dawley rats, serum and supernatant-bottom fractions collected after RIPC both rendered HL-1 cells resistant to hypoxia-reoxygenation-induced death. We reasoned that: (i) our protocol of prolonged, high-speed ultracentrifugation would potentially facilitate the proteomic analysis because the candidate cardioprotective protein(s), present in the serum, would be enriched in the supernatantbottom fraction, and (ii) the abundance of these protective protein(s), presumably released in response to an RIPC stimulus, would be higher in the supernatant-bottom fraction obtained following RIPC versus sham-controls. Thus, beginning with the Sprague-Dawley cohort, screening of the proteomic data based on these criteria identified a group of 23 proteins that showed an RIPC-associated increase in abundance (ranging from 0.1-to 3.0-fold) in the supernatant-bottom (Table 1 -left) and a 'cumulative abundance' of 134 (Table 1-right) . Extending the analysis to the Zucker cohorts revealed that, for Zucker lean rats, 14 of the 23 candidate protective protein were expressed in the supernatantbottom (with a 'cumulative abundance' of 52.5), whereas, for Zucker fatty rats, only 9 of the 23 proteins were present ('cumulative abundance' of 34.5; Table 1-right). Finally, to obtain preliminary insight into proteins that may be involved in the cytotoxic effect of the supernatant-top fraction from Zucker fatty rats, we tabulated the fold-differences in protein abundance in the supernatanttop between the two Zucker strains. A group of 39 candidates emerged, displaying a 0.1-to 9.5-fold greater (Table 2 ).
Discussion
In this study, we make the novel observation that RIPC, administered in a manner that is well-documented to reduce myocardial infarct size in healthy cohorts, is ineffective in the Zucker fatty rat model of early-stage type-2 diabetes. We further report that this failure of RIPC to limit infarct size may be explained, at least in part, by a defect in an exosome-associated humoral component of cardioprotective signaling. This concept is supported by evidence that: (1) serum and the exosome-rich serum supernatant fraction, collected from normoglycemic rats following the RIPC stimulus and applied to cultured HL-1 cardiomyocytes, attenuated hypoxia-reoxygenation-induced cell death while, in contrast (2) transfer of serum and exosome-rich serum supernatant from Zucker fatty rats did not evoke protection in the HL-1 cell model. Finally, and unexpectedly, we found that the exosome-depleted supernatant fraction harvested from Zucker fatty rats was cytotoxic and exacerbated HL-1 cell death following hypoxia-reoxygenation.
Type-2 diabetes, remote conditioning and infarct size
Among the small number of experiments conducted using rodent models of type-2 diabetes (including Zucker fatty rats, Goto Kakizaki rats, db/db mice, ob/ob mice and WOWK rats), there is a consensus that the infarct-sparing effect of ischemic pre-and postconditioning is either attenuated or eliminated [9, 30, 45, 49, 63, 69, 78, 80, 85, 89] . Our study is the first to focus on remote conditioning, and the in vivo data obtained in Protocol 1 are consistent with these observations: RIPC did not reduce infarct size in Zucker fatty rats displaying modest elevations in blood glucose levels. Interestingly, these data are also in agreement with clinical findings, in which RIPC was reportedly ineffective in attenuating peri-operative myocardial injury, assessed by quantifying release of cardiac troponin I, in diabetic subjects [48] . The mechanisms responsible for the loss of conditioninginduced cardioprotection in the setting of type-2 diabetes are unresolved. Clinical evidence suggests that the diabetic myocardium may be sensitized to ischemia-reperfusion [3, 57] , causing larger infarcts and potentially affecting the efficacy of ischemic conditioning [59] . Alternatively, even brief exposure of normal myocardium to hyperglycemic conditions, achieved in non-diabetic models by acute administration of high concentrations of dextrose or glucose, has been reported to abrogate or mitigate the favorable effects of ischemic conditioning [5, 27, 46, 87, 88] , implying that hyperglycemia per se may be responsible for the resistance to cardioprotection associated with diabetes. Neither of these paradigms is supported by our in vivo results obtained in Protocol 1: i.e., infarct sizes in control animals were not exacerbated in the Zucker fatty versus Zucker lean cohorts (suggesting that hearts from Zucker fatty rats were not innately sensitized to ischemia-reperfusion), and regression analysis revealed that blood glucose concentration was not a determinant of infarct size in the RIPC-treated groups. Moreover, the clinical observation that RIPC was not cardioprotective in diabetic patients, despite treatment with sulphonylurea agents for the management of hyperglycemia, provides an additional argument against the latter concept [48] .
Exosomes and the humoral component of RIPC: first evidence
There is general agreement that, at the level of the cardiomyocyte, all conditioning strategies (including RIPC, preconditioning and postconditioning) render the myocardium resistant to ischemia-reperfusion injury and reduce infarct size via complex and redundant, receptor-mediated upregulation of three cardiac signal transduction pathways [the reperfusion injury salvage kinase (RISK) pathway, the survivor activating factor enhancement (SAFE) pathway, and/or the endothelial nitric oxide synthase-protein kinase G pathway] and subsequent stabilization of mitochondria [36, 47] . Among these three cardioprotective paradigms, the unique and distinguishing feature of RIPC is the as-yet poorly understood communication of the protective signal from the site of the remote ischemic stimulus to the target organ (in our in vivo experiments, the hindlimbs and heart, respectively). The current hypothesis is that the protective trigger is conveyed by neuronal stimulation and transmission, by release and circulation of one or more humoral factors, or, in some models, by a combination of both mechanisms [36, 66] . A nascent theory, first posited by Giricz and colleagues [25] , is that the protective humoral factors involved in RIPC are transported via exosomes-or, more precisely, extracellular vesicles, formed by endocytosis and secreted from cells by exocytosis [2, 6, 15] . Exosomes are characterized by a lipid bilayer membrane that encapsulates a diverse cargo (including proteins, lipids and nucleic acids), the precise composition of which is determined in part by both the cellular origin of the exosomes and the cellular milieu. Moreover, exosomes are increasingly recognized to play a pivotal role in cell-cell communication and targeted delivery of bioactive materials under both physiologic and pathologic conditions [70] , including the transport of paracrine factors that purportedly contribute to cardiac regeneration and improved post-infarct healing with stem cell and cardiac progenitor cell therapy [6, 15, 16, 22, 41] .
Using isolated buffer-perfused rat hearts, Giricz et al. collected coronary effluent from hearts subjected to brief preconditioning ischemia or normoxic perfusion and applied standard ultracentrifugation (100,000×g for 90 min) to yield an exosome-rich pellet and a remaining exosome-depleted perfusate [25] . There was an increase in expression of the exosome marker HSP-60, assessed by immunoblotting, in the exosome-rich pellet obtained from preconditioned hearts versus controls, thereby suggesting that brief preconditioning ischemia was accompanied by an augmented release of exosomes from the heart. Moreover, transfer of unfractionated coronary effluent from preconditioned hearts rendered naïve acceptor hearts resistant to infarction caused by a subsequent 30 min ischemic insult, while, in contrast, transfer of exosome-depleted perfusate (confirmed to be devoid of HSP-60 expression) did not reduce infarct size. Based on these data, the authors concluded that extracellular vesicles are responsible for communication of the cardioprotective signal associated with RIPC, and are necessary for RIPCinduced protection [25] .
Subsequent studies from other groups have not, however, fully corroborated this concept. First, Li and coworkers found no increase in circulating exosomes following RIPC in the in vivo mouse model, and concluded that the specific cardioprotective candidate of interest in their study, miR-144, was not transported in its intact form in exosomes [52] . In contrast, Vicencio and colleagues provided robust evidence that plasma concentrations of circulating exosomes are, indeed, increased following a brief RIPC stimulus, and that exosomes are cardioprotective and can attenuate lethal ischemia-reperfusion injury in cultured cardiomyocytes and intact hearts [79] . However, an intriguing observation-and an issue not addressed in the study by Giricz [25] -was that exosomes from both RIPC and control groups conferred protection, with no added benefit provided by RIPC [79] . This finding that exosomes, isolated from rat and human plasma under control conditions (in the absence of RIPC) and transferred to cardiomyocytes in culture, confer significant cardioprotection was recently confirmed by Davidson et al. [14] . Moreover, and of particular relevance to the current study, Davidson and colleagues further reported that exosome-rich plasma harvested under control conditions (in the absence of RIPC) from diabetic cohorts failed to limit hypoxia-reoxygenation-induced death of cultured cardiomyocytes [14] . Our results obtained in Protocol 3B share a common theme and corroborate the concept that type-2 diabetes has a confounding effect on exosome-associated humoral communication. There are, however, fundamental differences between the two studies: in contrast to our protocols, Davidson et al. did not incorporate RIPC into any aspect of the experimental design, and focused exclusively on the transfer of exosome-rich plasma (no experiments were conducted using unfractionated plasma or exosomedepleted plasma fractions) [14] .
Exosomes may contribute to, but are not sufficient for, transfer of a cardioprotective stimulus
In our initial experiments conducted using Sprague-Dawley rats, we found that, as expected [43, 74, 75] , serum collected following an in vivo RIPC stimulus and transferred to cultured HL-1 cells significantly attenuated hypoxiareoxygenation-induced cell death. However, our goal of interrogating the role of exosomes was confounded by the failure of standard ultracentrifugation to yield a supernatant that was devoid of exosome markers-an observation that is consistent with previous reports showing that standard ultracentrifugation does not completely sediment exosomes from viscous biofluids [4, 60] . Despite the lack of a valid negative control, the pellet and supernatant obtained by standard ultracentrifugation were evaluated in our HL-1 cell model. We found that treatment with the supernatant (displaying residual expression of HSP-60) significantly reduced cell death; however, treatment with the exosome-rich pellet was, unexpectedly, not protective.
By increasing the radial force and duration of ultracentrifugation, serum was fractionated into three distinct phases: the pellet and a biphasic supernatant. In addition, although nanoparticle tacking analysis revealed that all three fractions contained a high abundance of particles within the size range of exosomes (total concentrations on the order of 10 12 particles/mL), we were successful in obtaining a fraction, the supernatant-top, in which expression of the classic exosome markers HSP-60 and flotillin-1 was not detected by immunoblotting (Fig. 3) . These results suggest that: (1) even a prolonged, 12 h period of ultracentrifugation does not sediment all particles from serum, and (2) the remaining nanoparticles present in the supernatant-top are presumably not exosomes, or, alternatively, are a population of exosomes that do not express HSP-60 or flotillin-1. Most importantly, transfer of the supernatant-top fraction, devoid of exosome markers, to cultured HL-1 cells was ineffective in attenuating hypoxia-reoxygenation-induced cell death.
These latter data, obtained with the ostensibly exosomedepleted fraction, are consistent with the paradigm proposed by Giricz et al. Interestingly, however, the 'exosome hypothesis' is based exclusively on this observation; the complementary experiments, involving isolation of an exosomerich fraction of the buffer perfusate and evaluation of this fraction for cardioprotective efficacy, was not included in their study design [25] . In this regard, we found that the presence of exosomes per se was not sufficient to evoke protection: both the pellet and the supernatant-bottom fraction displayed robust expression of HSP-60 and flotillin-1, yet only the supernatant-bottom (and not the reconstituted pellet), applied to HL-1 cells, evoked a significant reduction in cell death. A potential explanation for this disparate outcome is that distinct and less dense subpopulation(s) of exosomes (or non-exosome nanoparticles of a similar size), present in the supernatant-bottom fraction but not precipitated in the pellet, may contribute to the transfer of a cardioprotective signal with RIPC. Alternatively, the protective factor(s) may be associated with and co-localized in the exosome-rich supernatant-bottom, but may not be transported by exosomes per se.
Finally, in all experiments discussed to this point, serum (and serum fractions) were collected from Sprague-Dawley rats following an in vivo RIPC stimulus. An unanswered question, prompted by the observations made by Vicencio el al. [79] and Davidson et al. [14] , is whether equivalent protection would be achieved by transfer of serum from nonischemic control cohorts. To obtain preliminary insight into this issue, ancillary post hoc experiments were performed in which serum was obtained from time-matched sham-operated rats (left and right femoral arteries exposed, but not ligated; n = 5) and applied to HL-1 cells as described in Protocol 2. An attenuation in hypoxia-reoxygenation-induced HL-1 cell death was seen with administration of serum from sham-controls (39 ± 3 versus 45 ± 6% in concurrent KH buffer-treated cultures); however, this difference was not significant (p = 0.14), and was not comparable in magnitude to the reduction in cell death achieved with transfer of serum obtained following RIPC (Fig. 3) . This trend may reflect a modest level of innate cardioprotection conferred by control serum, or, as these were sham-operated animals, may reflect a component of protection evoked by surgical trauma [44] .
Exosomes and the humoral component of RIPC: loss of efficacy in type-2 diabetes
In Protocol 3, we investigated the effect of serum and serum fractions (supernatant-bottom and supernatant-top), obtained following RIPC from Zucker lean and Zucker fatty rats, on the viability of HL-1 cells subjected to hypoxia-reoxygenation. Data obtained using the normoglycemic Zucker lean strain were similar to those seen with Sprague-Dawley rats: significant reductions in cell death were evoked with transfer of both the serum and supernatant-bottom fraction, while treatment with the supernatant-top was not protective. There were, however, apparent qualitative differences between the two rat strains in terms of nanoparticle tracking analysis: nanoparticle concentrations in serum fractions obtained from sham-control animals were higher in Zucker lean versus Sprague-Dawley rats, with no additional increase seen with RIPC (Fig. 5) . This may suggest that the composition of the nanoparticles, rather than absolute numbers of particles, may be the primary determinant in communicating a protective signal.
In contrast, in samples obtained from Zucker fatty rats, communication of the protective signal was impaired: serum obtained following RIPC and transferred to HL-1 cells failed to render the cells resistant to lethal hypoxia-reoxygenationinduced injury. These data appear to differ from the outcome of the one previously published study that investigated the efficacy of the humoral component of RIPC in diabetic subjects [43] . Using a model in which plasma was harvested from human subjects and administered to buffer-perfused rabbit hearts subsequently subjected to global ischemia-reperfusion, Jensen and colleagues concluded that type-2 diabetes did affect the humoral component of RIPC. However, a defect in the efficacy of transferred cardioprotection (i.e., an inability of the transferred plasma to reduce infarct size in rabbit hearts) was only observed in the subset of diabetic subjects with peripheral neuropathy. Accordingly, the authors posited that neuropathy (rather than diabetes per se) was responsible for the failed humoral communication, thereby implicating neuronal mechanisms in the RIPCinduced release of circulating cardioprotective factors [43] . While Zucker fatty rats also develop peripheral neuropathy [10] , this is in all likelihood not the sole explanation for the results obtained in our model: the onset of neuronal dysfunction occurs at > 12 weeks of age [62] , and our animals were enrolled at an age range of 10-12 weeks.
Serum from Zucker fatty rats contains a toxic component
There is evidence from some (but not all [14] ) studies that metabolic disorders, including type-2 diabetes, are associated with increased concentrations of circulating exosomes, reportedly originating from platelets, endothelial cells and neutrophils [1, 58] . In this regard, we observed that total nanoparticle concentration in the supernatant-top fraction of serum from Zucker fatty rats was orders of magnitude greater than concentrations in the Zucker lean and Sprague-Dawley cohorts (4 × 10 13 versus 1.5 × 10 12 and 1.5 × 10 11 particles/mL, respectively; Fig. 5 ). Moreover, by designing our study to include the evaluation of a 'negative control' (i.e., a fraction devoid of exosome markers, an approach that, as noted above, was not used in previous reports [14, 25, 79] ), we made the novel and unanticipated observation that the supernatant-top fraction from Zucker fatty rats significantly augmented HL-1 cell death caused by hypoxia-reoxygenation. Indeed, it could be argued that the impaired humoral communication of a protective signal seen with the transfer of serum from Zucker fatty rats may not be explained exclusively by a loss in efficacy of the supernatantbottom fraction; rather, the remaining weak trend toward protection achieved by factors in the supernatant-bottom may be offset and overwhelmed by the toxic effect of the supernatant-top. Interestingly, however, this cytotoxic effect was only manifest in the setting of hypoxia-reoxygenation; the supernatant-top fraction from the Zucker fatty cohort had no significant effect on cell viability when applied to normoxic cells.
Identities of the cardioprotective and cytotoxic factors?
An obvious but as-yet unanswered question is: what is the exosome-associated, humoral protective factor(s) responsible for the infarct-sparing effect of RIPC? Among published studies that have utilized proteomic approaches to detect relative changes in protein abundance in blood sampled after versus before an RIPC stimulus [31-33, 37, 38, 50, 64] , approximately 65 candidates have been identified that are either up-or downregulated (summarized in [31] ). However, as emphasized by Helgeland et al., no common or consistent biomarker(s) of RIPC have been reproducibly identified, possibly due to both technical pitfalls in the proteomic analyses and physiologic variations among protocols (i.e., blood obtained from human subjects versus rodents, after one versus multiple episodes of brief ischemia applied to one or more limbs) [31] .
Despite the exploratory nature of our analysis, we reasoned that our study design-in which we capitalized on the enrichment of protective proteins by prolonged ultracentrifugation in the supernatant bottom, identified a potential pool of candidates in Sprague-Dawley rats based on increased protein abundance in samples obtained following RIPC, and compared the abundance of these proteins in samples from Zucker lean and Zucker fatty rats-may facilitate the identification of putative humoral protective factor(s). Interestingly, there is apparent overlap among our 23 candidates and the ~ 65 proteins that have been implicated in previous studies [31] (including Apolipoprotein B-100, Complement C4, hemoglobin beta and immunoglobulins). In addition, at least two candidates (ceruloplasmin and Apolipoprotein-E) have been shown to attenuate ischemia-reperfusion injury in neuronal models and have been associated with exosomes [28, 40, 81] . However, we cannot speculate on which factor (or, in all likelihood, combination of factors [31] ), contribute to the cardioprotection achieved with RIPC in the normoglycemic cohorts, and, conversely, the relative deficit of which may underlie the inability of the supernatant-bottom from diabetic Zucker fatty rats to confer significant protection.
A second question, unique to our study, is the identity of the toxic factor(s) present in the supernatant-top fraction of serum harvested from diabetic Zucker fatty rats. Comparative analysis revealed a total of 39 proteins that displayed an increase in abundance in the supernatant-top samples obtained from Zucker fatty versus Zucker lean rats, including lipoproteins that have been implicated to exacerbate cell injury caused by ischemia [65] and hypoxia [11] . Moreover, four candidate proteins were unexpectedly identified as potentially contributing to cardioprotection (Table 1) and cardiotoxicity (Table 2: i.e., Complement C4, Apolipoprotein E, Apolipoprotein C-IV, Protein Z-dependent protease inhibitor). It must, therefore, be emphasized that this analysis is preliminary and suffers from the limitations of protein analysis by mass spectrometry [12] . For example, despite utilizing the standard technique of depleting highabundance proteins and the sensitivity of mass spectrometry, quantification of lower-abundance proteins in our samples may nonetheless have been compromised, particularly at the isoelectric point of these proteins [12, 31] . In addition, the relative abundance and 'fold change' in proteins does not, in itself, provide definitive insight regarding their possible relevance to RIPC. Accordingly, our analysis may, at best, serve to identify a potential pool of diabetes-associated toxic factors to be pursued and validated in future studies.
Summary and future directions
In summary, we demonstrate that the infarct-sparing effect of remote ischemic preconditioning is ineffective in the Zucker fatty rat model of early-stage type-2 diabetes. This failure to evoke protection is due, at least in part, to: (1) a diabetesassociated defect in the exosome-associated humoral component of cardioprotective signaling, and/or (2) the presence of one or more toxic factors in exosome-depleted supernatanttop fraction of serum isolated by prolonged high-speed ultracentrifugation. The precise role of exosomes in the humoral communication initiated by an RIPC stimulus, as well as the identities of the factors that mediate cardioprotection and toxicity in the normoglycemic and diabetic cohorts, respectively, remain unresolved.
